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A phosphate-solubilizing bacterial strain isolated from

Hippophae rhamnoides rhizosphere was identified as

Rahnella sp. based on its phenotypic features and 16S rRNA

gene sequence. The bacterial strain showed the growth

characteristics of a cold-adapted psychrotroph, with the

multiple plant growth-promoting traits of inorganic and

organic phosphate solubilization, 1-aminocyclopropane-1-

carboxylate-deaminase activity, ammonia generation, and

siderophore production. The strain also produced indole-

3-acetic acid, indole-3-acetaldehyde, indole-3-acetamide,

indole-3-acetonitrile, indole-3-lactic acid, and indole-3-

pyruvic acid in tryptophan-supplemented nutrient broth.

Gluconic, citric and isocitric acids were the major organic

acids detected during tricalcium phosphate solubilization.

A rifampicin-resistant mutant of the strain exhibited high

rhizosphere competence without disturbance to the resident

microbial populations in pea rhizosphere. Seed bacterization

with a charcoal-based inoculum significantly increased

growth in barley, chickpea, pea, and maize under the

controlled environment. Microplot testing of the inoculum

at two different locations in pea also showed significant

increase in growth and yield. The attributes of cold-

tolerance, high rhizosphere competence, and broad-spectrum

plant growth-promoting activity exhibited the potential of

Rahnella sp. BIHB 783 for increasing agriculture productivity.

Keywords: ACC-deaminase activity, indole derivatives,

phosphate solubilization, organic acids, plant growth promotion,
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Phosphorus is one of the major essential macronutrients

often limiting the plant growth because of its low availability

in the soil [24, 38]. A large portion of the soluble phosphate

fertilizers applied to overcome P deficiency is rapidly

rendered unavailable for uptake by the plants, owing to

fixation with calcium carbonate, aluminium and iron

oxides, and crystalline and amorphous aluminium silicates

in the soil [14, 24]. Consequently, the large quantities of

phosphatic fertilizers applied to optimize crop productivity

impact the energy, environmental, and economic problems.

Phosphate-solubilizing soil bacteria have been reported for

enhancing growth and yield in several crops, particularly

under conditions of poor P availability [14, 45]. The

production of phytohormones and antifungal metabolites

has also been considered the important mechanisms of

plant growth promotion by rhizobacteria. The beneficial

influence on plant growth eventually depends on the

ability of microbial inoculants to compete with the resident

microflora in colonizing the rhizosphere [29]. The cold-

adapted and rhizosphere-competent phosphate-solubilizing

bacteria with multiple plant growth-promoting attributes

could be highly effective as the microbial inoculants in

agriculture in colder regions. The present study reports the

isolation, characterization, and potential for plant growth

promotion of cold-adapted and rhizosphere-competent

Rahnella sp. strain BIHB 783 from the cold deserts of the

Indian trans-Himalayas. Information about cold-adapted

strains with plant growth-promoting potential is limited to

the strains of genus Exiguobacterium, Pseudomonas, Pantoea,

and Serratia [30, 32, 43, 44, 45, 46]. The plant growth-

promoting potential of the genus Rahnella has been

studied for acetylene reduction in pure culture and in

association with wheat and maize, and solubilization of

mineral phosphates by Rahnella aquatilis [5, 25, 27],

growth promotion by R. aquatilis in Indian mustard [28],

possible role of R. aquatilis in protecting chardonnay vine

against galling by Agrobacterium vitis [4], and reduced

susceptibility in tomato seedlings pretreated with R.

aquatilis strains antagonistic to Xanthomonas campestris
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pv. vesicatoria [12]. Enhanced phytoextraction of Ni and

Cd from fly ash has also been reported by Indian mustard

inoculated with R. aquatilis [28].

MATERIALS AND METHODS 

Soil Sampling and Isolation of Bacteria

Several phosphate-solubilizing bacteria were isolated from the soil

samples collected from the rhizosphere of Hippophae rhamnoides

growing at Rong Tong (32
o
 16' 07'' N and 78

o
 04' 22'' E; 3,900 m

amsl) in Lahaul and Spiti in the Indian trans-Himalayan region.

Serial soil dilutions were spread-plated on modified Pikovskaya agar,

and the bacterial colonies producing a distinct tricalcium phosphate

(TCP) solubilization zone were grown in pure culture and maintained

in 20% glycerol at -70oC. A bacterial isolate BIHB 783 producing a

sharp phosphate-solubilization zone of about 22 mm breadth after 5

days of incubation and morphologically different from other isolates,

was selected for further studies. The culture has been deposited

under Accession No. MTCC 5338 at the Microbial Type Culture

Collection and GenBank.

Characterization of the Bacterial Isolate

Phenotypic characterization. Phenotypic characterization of the

isolate BIHB 783 was done based on colony morphology, growth

characteristics, microscopic observations, and biochemical tests [26].

Carbon source utilization. The carbon-source utilization pattern for

95 carbon sources by the bacterial isolate was studied using

BIOLOG system (BIOLOG MicroStation). The culture grown in

triplicate on TSA for 48 h at 30±0.1oC was resuspended in 20 ml of

inoculation fluid (BIOLOG) with a sterile cotton swab and the

inoculum density was adjusted to 52% transmittance using the

BIOLOG Turbidimeter. BIOLOG GN microplates were inoculated

with 150 µl of the adjusted bacterial suspension per well and

incubated at 30
o
C for 24 h. The development of colour was read at

595 nm filter in the MicroStation Reader between 4-6 h and 16-

24 h of incubation. The substrate-utilization profiles were compared

with the MicroLog software version 4.2 database and the identification

acknowledged when the similarity index was ≥0.5.

Whole-cell fatty acid methyl ester analysis. The whole-cell fatty

acids of the bacterial isolate derivatized to methyl esters in triplicate

were analyzed by gas chromatography (GC) using the Sherlock

Microbial Identification System (MIDI, Inc., Newark, DE, USA) as

described earlier [41]. The fatty acids from the bacterial culture

grown on trypticase soya agar for 24 h at 28oC were extracted by

saponification in dilute sodium hydroxide and methanol solution,

followed by derivatization with dilute hydrochloric acid and

methanol solution to give methyl esters, and extracted with an

organic solvent consisting of hexane and methyl tert-butyl ether.

The resulting extract was analyzed by a GC system (GC 6890;

Agilent Technologies, USA) using an Ultra 2 phenyl methyl silicone

fused silica capillary column of 25 m×0.2 mm (Agilent Technologies,

USA), with hydrogen as the carrier gas, nitrogen as the “make up”

gas, and air to support the flame. The GC oven temperature was

programmed from 170 to 270
o
C at 5

o
C rise per minute with 2 min

hold at 300
o
C. The fatty acids were identified and quantified by

comparison with the retention times and peak areas obtained for the

authentic standards. Qualitative and quantitative differences in the

fatty acid profiles were used to compute the distance for the strain

relative to the strains in the Sherlock bacterial fatty acid reference

libraries TSBA50 5.00.

16S rRNA gene sequencing. Genomic DNA of the bacterial isolate

was extracted using a Qiagen DNeasy Plant Mini kit (Qiagen).

Amplification of 16S rDNA was performed using fD1 (5'-AGAGT

TTGATCCTGGCTCAG-3') and rP2 (3'-ACGGCTACCTTGTTACG

ACTT-5') primers [53]. The total volume of PCR reaction mixture

was 50 µl, comprising 200 µM dNTPs, 50 µM of each primer, 1×

PCR buffer, 3U Taq DNA polymerase, and 100 ng genomic DNA.

The thermocycling procedure involved an initial denaturation at

94
o
C for 4 min, followed by 35 cycles of 94

o
C for 1 min, 52

o
C for

1 min, and 72oC for 2 min, and final extension at 72oC for 8 min.

The gel-purified 16S rDNA was ligated to pGEM-T easy vector

(Promega) and transformed in E. coli JM109. The sequence of the

insert was determined using Big-Dye Terminator Cycle Sequencing

and ABI Prism 310 Genetic Analyzer. The sequence was analyzed

using the gapped BLASTn (http://www.ncbi.nlm.nih.gov) search

algorithm and aligned to their nearest neighbors. The evolutionary

distance of the isolate and its related taxa was calculated with

TREECON software package version 1.3b (Yves Van de Peer,

University of Antwerp, 1994, 1997) using Kimura’s two-parameter

model after aligning the sequences with ClustalW. The 16S rRNA

gene sequence of Pseudomonas putida strain ATCC 12633 was used

as the outgroup. The gene sequence has been submitted under

Accession No. DQ885948 with the NCBI GenBank database.

Growth at Different Temperatures

Growth of the bacterial isolate was studied at different temperatures

in comparison with a mesophilic strain E. coli DH5α in nutrient

broth. Fifty ml of nutrient broth in triplicate was inoculated with

500 µl of 24-h-old bacterial cultures and the OD600 adjusted to 0.02

for both strains with sterile nutrient broth. The flasks were incubated

at 10, 20, 30, and 37
o
C in an incubator shaker for 72 h. Culture

(1 ml) was sampled every 2 h, centrifuged at 10,000 rpm for 10 min,

the pellet suspended in 1 ml of normal saline, and the absorbance

read at 600 nm against a normal saline blank.

Screening for Plant Growth-Promoting Attributes

Phosphate solubilization. The test strain was grown, in triplicate, in

50 ml of National Botanical Research Institute’s Phosphate (NBRIP)

broth [31] containing 0.5% tricalcium phosphate (TCP) and

incubated at 28
o
C for 5 days at 180 rpm in a refrigerated incubator

shaker (Innova Model 4230; New Brunswick Scientific, USA).

Cultures were centrifuged at 10,000 rpm for 10 min and passed

through a 0.22-µm nylon filter, and the phosphorus content in the

culture filtrates was estimated by the vanadomolybdate method [22].

The uninoculated autoclaved media with TCP as phosphate substrate,

used as the control, were incubated under a similar set of conditions

as the inoculated cultures. Values of P liberated are expressed as

µg/ml over the control.

Organic acid production during phosphate solubilization. High-

performance liquid chromatography (HPLC) analysis of the culture

filtrates, in triplicates, obtained on solubilization of TCP was done

on a Waters 996 HPLC equipped with a PDA detector, Waters 717

plus auto-sampler, Waters 600 controller, WatersTM pump, Waters

inline degasser AF, and Lichrosphere RP-18 column (250 mm×

4.6 mm and 5 µm particle size; Merck, Germany). The mobile phase

was 0.1% orthophosphoric acid (Merck, Germany) in a gradient
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programme of flow rate starting at 0.4 ml/min at 0 min, increasing

to 0.6 ml/min at 9.5 min, decreasing from 0.6 to 0.4 ml/min from

9.5 to 18 min, isocratic at 0.4 ml/min from 18 to 25 min, again

increasing from 0.4 to 0.6 ml/min from 25 to 30 min, and equilibrating

to 0.4 ml/min from 30 to 35 min. The eluates were detected at λ

210 nm and identified by retention time and co-chromatography of

the samples spiked with the authentic standards of organic acids

[gluconic acid (Sigma-Aldrich, USA), 2-keto gluconic acid (Sigma,

USA), formic acid, isocitric acid, lactic acid, oxalic acid, succinic

acid, maleic acid, citric acid, and fumaric acid (Supelco, USA)].

Each replicate was analyzed in a single run on HPLC and the values

were presented as the mean of three replicates.

Phytase activity. Production of phytases by the isolate was

determined on phytate screening agar medium with 0.5% calcium

phytate after 5 days of incubation at 28
o
C [39]. 

Production of IAA-like auxins. The bacterium was grown in

nutrient broth supplemented with 0.1% DL-tryptophan for 48 h at

180 rpm. Colorimetric estimation of IAA-like auxins was first done

using Salkowski reagent [40]. Quantification of indole derivatives in

the ethyl acetate extract of the culture supernatant was done on a

Waters 996 HPLC, equipped with a PDA detector, Waters 717 plus

auto sampler, Waters 600 controller, and Lichrosphere RP-18 column

250 mm×4.6 mm and 5 µm particle size (Merck, Germany), as

described earlier [8]. A gradient mobile phase of 0.5% acetic acid

(A) and 100% acetonitrile (B) with 60% A and 40% B for 0-

6.5 min, 55% A and 45% B for 6.5-8.0 min, and 60% A and 40%

B for 8.0-12.0 min was employed at a flow rate of 1 ml/min.

Eluates were detected using an isocratic system and identified by

retention time and co-chromatography by spiking the sample with

authentic standards [tryptophan (try), indole-3-acetic acid (IAA),

indole-3-pyruvic acid (IPA), indole-3-acetaldehyde (IAAld), indole-

3-acetamide (IAM), and indole-3-acetonitrile (IAN)]. The samples

were analyzed in triplicate.

1-Aminocyclopropane-1-carboxylate (ACC) deaminase activity.

ACC-deaminase activity was initially detected on plates with DF

minimal medium containing ACC as nitrogen source [21]. The

germinating seed bioassay for ethylene reduction due to ACC

deaminase activity was performed by measuring the root length of

surface-sterilized pregerminated seeds of Pisum sativum var. Palam

Priya and Zea mays var. Girija treated for 1 h with 48-h-old

bacterial culture (OD600=1.0~1×10
9

CFU/ml) in NB, as compared

with uninoculated controls after 5 days of incubation at 28
o
C in

Petri plates [9]. The enzyme activity in the culture filtrates was

determined by measuring the production of α-ketobutyrate generated

by ACC cleavage by ACC deaminase using 2,4-dinitrophenylhydrazine

reagent [36]. Nutrient broth (15 ml) inoculated with 100 µl of 48-h-

old bacterial culture was incubated at 28
o
C for 48 h; the cultures

were then centrifuged for 10 min at 4,000 rpm and 4oC, and the

pellets suspended in 5 ml of DF salts minimal medium and

centrifuged again at 3,000 rpm at 4
o
C for 5 min. The supernatant

was discarded and the pellets were suspended in 7.5 ml of DF

minimal medium supplemented with 3.0 mM final concentration of

ACC and incubated at 28
o
C. After 24 h, the cultures were

centrifuged at 10,000 rpm for 10 min at 4oC and the pellets washed

twice with 0.1 M Tris-HCl, pH 7.5, and suspended in 600 µl of

0.1 M Tris-HCl, pH 8.5. Bacterial cells made labile by adding 30 µl

of toluene were vortexed at the highest speed for 30 s. A 100-µl

aliquot of the toluenized cells was stored at 4oC for protein

estimation. The remaining toluenized cell suspension was assayed

for ACC deaminase activity. To a 200-µl aliquot of the cell

suspension, 20 µl of 0.5 M ACC was added, followed by vortexing

for 30 s and incubating at 30
o
C for 30 min. The contents were

transferred to a 10-ml glass vial, 1 ml of 0.56 N HCl was added and

centrifuged for 5 min at 13,000 rpm at 4oC. One ml of supernatant

was vortexed with 800 µl of 0.56 N HCl; thereafter, 300 µl of 2,4-

dinitrophenylhydrazine reagent was added. The contents were

vortexed and incubated at 30oC for 30 min. Following the addition

of 2 ml of 2 N NaOH, the absorbance was measured at 540 nm in

an Ultraspec 3000 UV/Visible Spectrophotometer. The negative

control for the assay included 200 µl of labilized cell suspension

without ACC and the blank included 200 µl of 0.1 M Tris-HCl (pH

8.5) with 20 µl of 0.5 M ACC. The protein concentration of the

toluenized cells was determined using a bicinchoninic acid protein

assay kit (Novagen, Merck, Germany) according to the manufacturer’s

instructions. The ACC deaminase activity was expressed as nM α-

ketobutyrate/mg protein/h.

Siderophore production. Siderophore production was determined

by performing the universal chemical assay in CAS agar plates [42].

Quantitative estimation of siderophores was done in the cell-free

extract of 5-day-old cultures grown at 28
o
C in MM9 medium by

CAS-shuttle assay [35].

Ammonia production. Accumulation of ammonia was detected by

adding Nessler’s Reagent to a cell-free extract of 48-h-old bacteria

grown in peptone water [6]. 

Hydrogen cyanide (HCN) production. HCN production by the

strain was determined on TSA plates supplemented with glycine

after 3 days of incubation at 28oC [7].

Inoculum Preparation 

The bacterium grown in 20 ml of trypticase soya broth (TSB) for

48 h at 28
o
C was centrifuged at 10,000 rpm for 10 min and the pellet

suspended in 0.85% NaCl (OD600=1.0). The bacterial suspension

was mixed with sterilized activated charcoal [4:6 (v/w)] to 107 CFU/g.

Evaluation for Plant Growth Promotion under Controlled

Environment

Seeds of Pisum sativum var. Palam Priya, Zea mays var. Girija,

Hordeum vulgare var. Dolma, and Cicer arietinum var. HPG 17

were surface-sterilized with 20% NaOCl for 3 min, washed three

times with sterile distilled water, and germinated at 25
o
C in moist

sterile vermiculite. The uniformly germinated seeds coated with the

slurry of charcoal-based bacterial inoculant were sown in 15-cm

diameter pots filled with sterilized vermiculite. The pregerminated

seeds treated with sterilized activated charcoal without bacterial

inoculant served as the control. The pots were placed in a completely

randomized block design, with eight replications, under a mixed

incandescent and fluorescent illumination of 550 µM photon/m2/s

with 16/8 h light/dark cycle at 25±2oC and 50-60% RH in an

Environment Control Chamber. Hoagland nutrient solution diluted

10-fold was given at 10-day intervals to the plants. The data on root

length, shoot length, and total dry weight were recorded after 30

days of sowing. The plants were oven-dried at 70
o
C for 3 days to

determine the total dry weight.

Field Evaluation

Field testing of the inoculant in comparison with untreated control

was done on Pisum sativum var. Palam Priya from November-

February 2007, in microplots measuring 1 m
2
 with three replicates
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for both the treatments at the Institute of Himalayan Bioresource

Technology Chandpur Experimental Farms, Palampur (32o 6' 0" N

and 76
o
 31' 0" E; 1,300 m amsl) and Hill Area Research and Extension

Centre (HAREC) CSK HPKV Experimental Farms, Bajaura (31o 50'

19" N and 77
o
 10' 23" E; 1,090 m amsl). The seeds treated with the

inoculum as described above were sown at an inter-plant distance of

3 cm and inter-row distance of 25 cm. Data on plant growth, dry

weight, and yield in terms of pod fresh weight were recorded after

110 days of sowing on randomly selected nine plants from each

replicate.

Rifampicin Tagging

The spontaneous rifampicin-resistant mutants of the wild strain BIHB

783 were generated by transferring bacterial culture from TSA to

TSB containing increasing concentrations of rifampicin (25, 50,

100 µg/ml) and plating a loopful of the culture on TSA plates

amended with 100 µg rifampicin/ml (TSA-rif). The spontaneous

rifampicin-resistant mutant (BIHB 783
Rif

) showing growth comparable

with the wild strain (BIHB 783) on TSA-rif plates was selected and

checked for stability by transferring four times from TSA-rif to TSA

and TSA-rif plates.

Root Colonization and Influence of Rifampicin-Resistant Mutant

on Soil Microflora and Plant Growth

The surface-sterilized pregerminated Pisum sativum var. Palam Priya

seeds treated with charcoal-based BIHB 783Rif inoculant and

sterilized activated charcoal (control) were sown in 15-cm diameter

pots filled with nonsterilized soil in 24 replications in an Environment

Control Chamber. Initial count of BIHB 783
Rif

 per seed was

determined by plating the serial dilutions on TSA-rif plates. Total

viable count of bacteria, actinomycetes, fungi, and BIHB 783Rif in

root homogenates and non-rhizosphere soils were determined at

weekly intervals for eight weeks, by plating serial dilutions on TSA,

YME, SDA, and TSA-rif plates, respectively. The plates prepared in

triplicate were incubated at 28
o
C for 48 h for bacteria and for 72 h

for actinomycetes and fungi.

Data were recorded on root length, shoot length, and total dry

weight after 60 days of sowing to compare the mutant strain with

the wild strain for influence on plant growth by applying charcoal-

based inoculum as described above to surface-sterilized pregerminated

seeds in nonsterilized soil.

Experimental Design and Data Analysis

A randomized block design was adopted for conducting the

experiments. The data were checked for normality and subjected to

analysis of variance (ANOVA) using the STATISTICA data analysis

software system version 7 (StatSoft Inc., Tulsa, USA). All values

are means of three replicates and experiments were repeated thrice

unless stated otherwise. The mean of treatments was compared by

CD value at P=0.5 and 0.01.

RESULTS AND DISCUSSION

Isolation and Characterization of the Bacterial Isolate

The bacterial strain morphologically different from other

colonies, producing a sharp and prominent (about 22 mm)

zone of phosphate solubilization after 5 days of incubation

on modified Pikovskaya agar, showed resemblance to

Rahnella for the major phenotypic characteristics [26].

The bacterial colonies were circular, smooth, raised, and

entire. The bacterial strain was Gram-negative, motile rods;

positive for catalase, citrate utilization, starch hydrolysis,

esculin hydrolysis, Voges-Proskauer test, and urease; and

negative for indole, oxidase, gelatin hydrolysis, and methyl

red test.

The bacterial isolate showed utilization of dextrin, tween

40, tween 80, N-acetyl-D-glucosamine, L-arabinose, cellobiose,

D-fructose, L-fucose, D-galactose, gentiobiose, α-D-glucose,

α-D-lactose, lactulose, maltose, D-mannitol, D-mannose, D-

melibiose, β-methyl D-glucoside, D-psicose, D-raffinose, L-

rhamnose, D-sorbitol, sucrose, D-trehalose, turanose, methyl

pyruvate, monomethyl succinate, acetic acid, cis-aconitic

acid, citric acid, formic acid, D-galactonic acid lactone, D-

galacturonic acid, D-gluconic acid, α-ketoglutaric acid,

D,L-lactic acid, malonic acid, quinic acid, D-saccharic acid,

succinic acid, bromosuccinic acid, glucuronamide, D-

alanine, L-alanine, L-alanyl-glycine, L-asparagine, L-aspartic

acid, L-glutamic acid, glycyl-L-glutamic acid, L-histidine,

L-proline, L-serine, inosine, uridine, thymidine, glycerol,

D,L-α-glycerol phosphate, and glucose-1-phosphate. The

strain showed the maximum similarity index of 0.32 with

Rahnella aquatilis in the BIOLOG database. However, the

isolate differed from R. aquatilis in utilizing cis-aconitic

acid, malonic acid, glucuronamide, D-alanine, L-glutamic

acid, L-histidine, and L-proline, and not utilizing adonitol,

D-arabitol, and glucose-6-phosphate as the carbon source.

The cell wall fatty acid composition showed 12:0, 14:0,

16:1 w7c/16:1 w6c, 14:0 3OH/16:1 iso I, 16:0, 17:0 cyclo,

and 18:1 w7c as the predominant forms of fatty acids,

along with small amounts of 12:0 3OH, 13:0, 16:0 3OH,

16:1 w5c, 17:0, 17:0 iso, 17:1 w7c, 18:0, 18:1 2OH, 18:1

w5c, 18:2 w6,9c/18:0 ante, 18:1 w7c 11-methyl, 19:0, 19:0

cyclo w8c, 19:0 cyclo w10c/19w6, 19:1 w6c/w7c/19cy

20:0, and 20:1 w7c. The molecular analysis based on 16S

rRNA gene homology of the 1,499 bp partial sequence

identified the test strain as Rahnella sp. The phylogenetic

analysis grouped the strain with Rahnella aquatica DSM

4594, R. aquatilis U90757, and R. aquatilis ATCC 33989

at 99% similarity (Fig. 1).

Growth at Different Temperatures 

Rahnella sp. BIHB 783 showed growth in the temperature

range of 10-37oC as compared with the growth over 20-

37oC of the mesophilic control strain E. coli DH5α (Fig. 2).

The growth at 20 and 30oC was significantly higher with

the shorter lag phase in the test strain than the mesophilic

strain. At 37oC growth of the test strain was slower,

attaining the stationary phase at 20 h as compared with the

mesophilic strain, which reached the stationary phase at 8 h

of incubation. The results revealed that Rahnella sp. BIHB

783 is a cold-adapted psychrotrophic strain. The selection
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of microorganisms for cold tolerance is an important

parameter in developing effective plant growth-promoting

microbial inoculants for low-temperature regions. Earlier

reports on the selection of cold-tolerant plant growth-

promoting bacteria are limited to Exiguobacterium

acetylicum, Pantoea dispersa, Pseudomonas fluorescens,

Pseudomonas fragi, and Pseudomonas sp. from the North-

western Indian Himalayas [30, 32, 43, 44, 45, 46].

Screening for Plant Growth-Promoting Activities 

The results on screening of Rahnella sp. strain BIHB 783

for various plant growth-promoting attributes are given

in Table 1. The test strain exhibited TCP solubilization

comparable to Acinetobacter rhizosphaerae, Pantoea

agglomerans, Pseudomonas trivialis, P. poae, P. fluorescens

and Pseudomonas spp. reported for high phosphate

solubilization [17, 18, 23, 47]. The native strains with high

TCP solubilization could prove highly beneficial to plant

growth in calcium-rich and alkaline soils where binding of

P with Ca creates deficiency in the availability of

phosphorus [18, 51]. The production of organic acids and

their chelation capacity have been implicated as the major

Fig. 1. Phylogenetic tree based on 16S rRNA gene sequences
using the neighbor-joining method to draw the relationship
among Rahnella sp. strain BIHB 783 and closely related genera.
Numbers on nodes indicate bootstrap values. 16S rRNA gene accession

numbers are given within brackets. Bar=0.02 substitutions per site. 

Fig. 2. Growth of Rahnella sp. BIHB 783 (solid lines) and E. coli DH5α (dotted line) at 10oC (A), 20oC (B), 30oC (C), and 37oC (D).
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mechanism in the solubilization of inorganic phosphates

by microorganisms [33, 34]. Gluconic, citric, and isocitric

acids were detected as the major organic acids with small

quantities of 2-ketogluconic, oxalic, and fumaric acids

during TCP solubilization by the test strain (Fig. 3; Table 1).

Gluconic acid has also been reported as the major organic

acid during phosphate solubilization by Azospirillum spp.,

Citrobacter sp., Pseudomonas cepacia, P. fluorescens, P.

poae, P. trivialis, and Rahnella aquatilis [25, 33, 34, 38,

50]. The strain also showed the ability of organic phosphate

solubilization as reported for Bacillus, Burkholderia,

Citrobacter, Enterobacter, Klebsiella, Proteus, Pseudomonas,

Serratia, and Yersinia by releasing phosphorus from phytic

acid, which is a predominant form of organic phosphates

in the soil [19, 20, 38].

The present studies showed the production of rooting

hormone IAA by Rahnella sp. BIHB 783, which is higher

than the earlier report of IAA production by Acinetobacter

rhizosphaerae from the cold deserts of Indian trans-

Himalayas [18]. IAA production in the presence of a suitable

precursor such as tryptophan has been reported for several

other PGPR belonging to Azospirillum, Azotobacter,

Bacillus, Burkholderia, Enterobacter, Erwinia, Pantoea,

Pseudomonas, and Serratia [18, 48]. The presence of IAA,

IAAld, IAM, ILA, IAN, and IPA, which are the

intermediaries of IAA biosynthetic pathways, was detected

in the culture supernatants (Fig. 4) [8, 15]. 

Rahnella sp. BIHB 783 showed growth in DF medium

with ACC as the sole nitrogen source and also significantly

enhanced root length in pea and maize over uninoculated

controls, indicating the production of ACC deaminase by

the bacterium. The bacteria producing ACC deaminase are

known to promote root elongation and increase the active

rhizosphere zone by lowering the ethylene levels through

hydrolysis of ACC given off by the germinating seeds

[16]. The strain exhibited high ACC deaminase activity

comparable to the enzyme activity of the efficient PGPR

strains including Burkholderia kururiensis, Dyella ginsengisoli,

Leifsonia shinshuensis, Microbacterium phyllosphaerae,

Table 1. Plant growth-promoting attributes of Rahnella sp. strain
BIHB 783.

PGP attribute  Activity

TCP solubilization (µg/ml)  805.00±6.40

Organic acid production (µg/ml):

Gluconic acid 235.2±8.13

Isocitric acid 140.7±6.43

Citric acid 124.6±4.75

2-Ketogluconic acid 28.5±0.56

Oxalic acid 0.32±0.01

Fumaric acid 0.14±0.02

Phytate solubilization zone (mm) 5.20±0.80

Indole derivatives:

Colorimetric (µg/ml) 24.50±1.50

HPLC (µg/ml)

IAA 2.45±0.09

IAAld 0.54±0.06

IAN 0.36±0.07

IAM 2.77±0.09

ILA 13.3±0.42

IPA 8.67±0.31

ACC deaminase activity:  

Germinating seed bioassay (% root elongation):

Zea mays var. Girija 61*

Pisum sativum var. Palam Priya 53*

Enzyme activity (nM α-ketobutyrate/h mg 
protein)

3288.5±9.50

Siderophore production:

Zone (mm) 27.20±1.04

Units (%) 88.00±3.60

Ammonia production +ve

HCN production  -ve

Values are the mean of three replicates ± standard deviation, *significantly

different from control at P<0.01. PGP=plant growth-promoting, TCP=

tricalcium phosphate, IAA=indole-3-acetic acid, IPA=indole-3-pyruvic

acid, IAM=indole-3-acetamide, ILA=indole-3-lactic acid, IAAld=indole-

3-acetaldehyde, Trp=tryptophan, IAN=indole-3-acetonitrile, ACC=1-

aminocyclopropane-1-carboxylate and HCN=hydrogen cyanide.

Fig. 3. HPLC chromatograms of authentic organic acids (A) and
culture supernatant of Rahnella sp. BIHB 783 grown for 5 days
in National Botanical Research Institute’s Phosphate broth (B). 
OA=oxalic acid, GA=gluconic acid, FA=formic acid, ICA=isocitric acid,

LA=lactic acid, 2-KGA=2-ketogluconic acid, SA=succinic acid, MA=

maleic acid, CA=citric acid, and FumA=fumaric acid. Peaks were

identified by co-chromatography by spiking the sample with authentic

compounds.
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Pandoraea sputorum, Pseudomonas fluorescens, and

Pseudomonas putida [1, 13, 37]. Recently, plant growth-

promoting R. aquatilis has been reported for ACC

deaminase activity [28].

Rahnella sp. BIHB 783 also exhibited the production of

siderophore, which is an important trait of PGPR that

suppresses the growth of fungal pathogens in the rhizosphere

by chelating iron. The test strain could also be indirectly

augmenting the availability of P, as the siderophores due to

their high affinity for iron, are also involved in the release

of iron-bound phosphorus [10]. The strain also exhibited

the production of ammonia taken up by plants as a source

of nitrogen for growth [9]. The strain tested negative for

the production of HCN involved in plant growth reduction

[2, 49]. The rhizobacteria with multiple growth-promoting

mechanisms have been considered important to enhancing

growth and yield in different crops [9, 18].

Rhizosphere Competence 

The success of a microbial inoculant depends on its ability

to survive and proliferate in the target habitat. The

population density of rif-resistant mutant BIHB 783Rif

showed significant increase by the third week and

remained significantly higher through six weeks than the

initial count in pea rhizosphere (Fig. 5). The population

build-up and recovery of the mutant from the non-

rhizosphere was significantly lower than the rhizosphere

population count. The total bacterial population throughout

eight weeks was significantly higher in the rhizosphere of

plants inoculated with the rif-resistant mutant than the

bacterial population of uninoculated plants (Fig. 5). In the

non-rhizosphere, the bacterial population of inoculated

plants was statistically not different from uninoculated

plants throughout the eight weeks. The total viable counts

of fungi and actinomycetes in rhizospheres as well as non-

rhizospheres showed a non-significant difference between

uninoculated and inoculated plants (Fig. 5). A significant

increase in root length, shoot length, and dry matter was

also recorded on inoculation with both wild strain and

mutant strain over uninoculated control (Table 2). The

increase in plant growth by the mutant strain was not

statistically different from the wild strain. The rapid

colonization, sustainability of a substantial population in

the rhizosphere, and dispersion of only a small population

to the non-rhizosphere of the rifampicin-resistant mutant

of Rahnella sp. strain BIHB 783 demonstrated high

rhizosphere competence, which is an important attribute in

the selection of isolates for developing plant growth-

promoting formulations [3, 29]. The strain also appeared

ecologically benign, as it promoted plant growth without

significantly affecting the resident microbial population.

The rhizosphere competence of bacterial strains is determined

by their adaptability to the rhizosphere environment

influenced by biotic and abiotic soil factors and response

to root exudates [52].

Fig. 4. HPLC chromatograms of authentic indole compounds (A)
and the ethyl acetate extract of culture supernatant of Rahnella
sp. BIHB 783 grown in nutrient broth with tryptophan (B). 
IPA=indole-3-pyruvic acid, IAM=indole-3-acetamide, ILA=indole-3-

lactic acid, IAA=indole-3-acetic acid, IAAld=indole-3-acetaldehyde, and

IAN=indole-3-acetonitrile. Peaks were identified by co-chromatography

by spiking the sample with authentic compounds.

Table 2. Plant growth promotion in pea by wild and mutant
strains of Rahnella sp. BIHB 783 in non-sterilized soil after 60
days in Environment Growth Chamber.

Growth Parameter Control
Wild 
strain

Rif-resistant 
mutant

CD at 
P<0.01

Root length (cm) 20.3 24.5 23.4 0.75

Shoot length (cm) 28.4 35.4 34.3 1.21

Dry wt. (g/plant) 0.32 0.43 0.40 0.02

CD=critical difference. Values are the mean of three replicates.
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Influence on Plant Growth

A significant incremental influence on growth was observed

on inoculation with Rahnella sp. BIHB 783 in the test

plants grown in pots under controlled conditions (Table 3).

The increment in root length, shoot length, and dry matter

in inoculated plants over control was 31%, 44%, and 19%

in maize, 23%, 40%, and 30% in pea, 20%, 32%, and 40%

in chickpea and 33%, 25%, and 44% in barley, which

showed a broad spectrum of plant growth-promoting

activity by the test strain. Growth promotion in maize and

Fig. 5. Rhizosphere competence of Rahnella sp. BIHB 783 for pea in non-sterile soil under controlled environment: population density
of BIHB 783

Rif
 in rhizosphere and non-rhizosphere (A); and influence of BIHB 783

Rif 
on rhizospheric and non-rhizospheric populations

of bacteria (B), fungi (C), and actinomycetes (D). 
○ Rhizosphere Control; ● Rhizosphere Inoculated; △ Non-Rhizosphere Control; ▲ Non-Rhizosphere Inoculated.

Table 3. Effect of Rahnella sp. strain BIHB 783 on the growth of test plants in sterilized vermiculite after 30 days in an Environment
Control Chamber.

Growth parameter

 Zea mays 
 var. Girija

Pisum sativum 
var. Palam Priya

Cicer arietinum
 var. HPG 17

Hordeum vulgare 
var. Dolma

Control Inoculated Control Inoculated Control Inoculated Control Inoculated

Root length (cm) 15.9 20.9* (31.4) 12.6 15.5* (23.0) 13.4 16.1* (20.1) 16.4 21.8* (32.9)

Shoot length (cm) 30.9 44.5* (44.0) 18.1 25.4* (40.3) 14.8 19.5* (31.8) 25.6 32.0* (25.0)

Dry wt. (g/plant) 0.32 0.38* (18.7) 0.20 0.27* (35.0) 0.1 0.14* (40.0) 0.09 0.13* (44.4)

Values are the mean of eight replicates. *Significantly different from control at P<0.01. Values in parentheses are the % increase over control.
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Indian mustard by Rahnella aquatilis has been reported in

pot cultures under controlled environment [11, 28]. The

psychrotolerant strains of Exiguobacterium acetylicum,

Pantoea dispersa, Pseudomonas fragi, Pseudomonas sp.,

and Serratia marcescens native to the North-western

Indian Himalayas have also been reported for growth

promotion in wheat in pot experiments [30, 43, 44, 45, 46].

The inoculum testing in pea also significantly enhanced

growth and yield under the field conditions (Table 4). The

increases in shoot length, dry weight, and yield were 25%,

32%, and 37% at the IHBT Experimental Farms, Palampur

and 31%, 42%, and 41% at the CSK HPKV Experimental

Farms, Bajaura. An increase of 15% in root length, 28% in

dry matter, and 33% in yield has been reported in pea

grown in microplots by Acinetobacter rhizosphaerae from

the cold desert of the trans-Himalayas [18].

The cold tolerance, multiple plant growth-promoting

attributes, high rhizosphere competence, and broad-spectrum

plant growth-promoting activity revealed potential for

Rahnella sp. BIHB 783 as a bioinoculant for improving

agriculture productivity.
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